Purpose Lynch syndrome is an autosomal dominant syndrome of familial malignancies resulting from germ line mutations in DNA mismatch repair (MMR) genes. Our goal was to take a pathway-based approach to investigate the influence of polymorphisms in cell cycle-related genes on age of onset for Lynch syndrome using a tree model. Experimental design We evaluated polymorphisms in a panel of cell cycle-related genes (AURKA, CDKN2A, TP53, E2F2, CCND1, TP73, MDM2, IGF1, and CDKN2B) in 220 MMR gene mutation carriers from 129 families. We applied a novel statistical approach, tree modeling (Classification and Regression Tree), to the analysis of data on patients with Lynch syndrome to identify individuals with a higher probability of developing colorectal cancer at an early age and explore the gene-gene interactions between polymorphisms in cell cycle genes. Results We found that the subgroup with CDKN2A C580T wild-type genotype, IGF1 CA-repeats C19, E2F2 variant genotype, AURKA wild-type genotype, and CCND1 variant genotype had the youngest age of onset, with a 45-year median onset age, while the subgroup with CDKN2A C580T wild-type genotype, IGF1 CA-repeats C19, E2F2 wild-type genotype, and AURKA variant genotype had the latest median age of onset, which was 70 years. Furthermore, we found evidence of a possible gene-gene interaction between E2F2 and AURKA genes related to CRC age of onset. Conclusions Polymorphisms in these cell cycle-related genes work together to modify the age at the onset of CRC in patients with Lynch syndrome. These studies provide an important part of the foundation for development of a model for stratifying age of onset risk among those with Lynch syndrome.
Introduction
Lynch syndrome is an autosomal dominant disorder caused by germ line mutations in mismatch repair (MMR) genes with MSH2 and MLH1 being the most frequently mutated [1, 2] . It is also commonly known as hereditary nonpolyposis colorectal cancer, which may be a misnomer because cancer predisposition is not restricted to the colon. The term ''Lynch syndrome'' has been specifically referred to as individuals diagnosed based on an inherited germ line mutation in a DNA MMR gene and has been used as such herein. Patients with this syndrome are at increased risk for developing a variety of different cancers with colorectal cancer (CRC) and endometrial cancer being the most common. Extracolonic neoplasms such as small-bowel, ureter, renal pelvis, stomach, ovary, and hepatobiliary cancer are seen less frequently [3, 4] . The age of CRC onset varies considerably in Lynch syndrome and is thought to be due to a combination of other low penetrance genetic factors and environmental exposures. Therefore, it is of great important to examine low-penetrance genes as potential modifiers of risk for cancer onset at an early age in individuals with Lynch syndrome.
In previous studies, we reported that polymorphisms in CCND1, TP53, IGF1, and AURKA influenced age-associated risk for CRC in Lynch syndrome [5] [6] [7] [8] . Reeves et al. [9] confirmed our study that the IGF1 polymorphism is an important modifier of disease onset in Lynch syndrome. Talseth et al. [10] reported that the CCND1 polymorphism was associated with a significant difference in age of disease onset in patients harboring MSH2 mutations, which was not observed in MLH1 mutation carriers. However, they did not find that the AURKA polymorphism was associated with age of onset of CRC in Lynch syndrome. In addition, Talseth et al. [11] did not find an association between the TP53 polymorphism and age at the diagnosis of CRC in Lynch syndrome. In light of many controversial results published about the influence of some of the candidate SNPs on age-associated risk for CRC in patients with Lynch syndrome. We took a systematic multigenic pathway-based approach.
Focusing on specific pathways such as the cell cycle pathways, which assess the combined effects of a panel of polymorphisms in genes that interact with each other, may allow us to see the influence of SNPs that are not seen when only main effects are evaluated. These SNPs may only be significant in the context of a specific genetic background. This approach that assesses the combined effects of a panel of polymorphisms interacting in the same pathway may amplify the effects of individual polymorphisms and enhance predictive power. Efficient cell cycle regulation is important for accurate and efficient replication and repair of the genome. Cell cycle genes play an important role in response to DNA damage by interacting with the DNA repair pathways, coordinately causing cells to undergo cell cycle arrest while DNA is being repaired [12] . We have selected nine candidate genes because they are known to interact with each other in the cell cycle pathways. We selected ten polymorphisms from the nine cell cycle genes based on their allele frequencies, functional significance, or published association studies. In addition to selecting the controversial SNPs described earlier (CCND1 [5, 10] , AURKA [8, 10] , TP53 [6, 11] , and IGF1 [7, 9] , we selected SNPs that have been reported to influence risk for other cancers (TP73 [13] , MDM2 [14] , CDKN2A [15] , and CDKN2B [15] ). The E2F2 SNP was selected because it showed an association with age-associated risk for Lynch syndrome in our preliminary studies. This panel of polymorphisms was assessed using classification and regression tree analysis (CART), a tree-based methodology, to identify groups with a higher probability of developing CRC at an early age and explore the genegene interactions between polymorphisms of cell cycle genes. The CART method uses a binary recursive partitioning to identify subgroups of subjects at higher risk and its results are presented as a decision tree, which is easier to interpret than other statistical methods [16] [17] [18] [19] . CART analysis is often able to uncover complex interactions between predictors that may be difficult or impossible to uncover using traditional multivariate techniques [20] . Furthermore, tree-based modeling is adept in uncovering predictors that may be largely operative within specific patient subgroups but may have minimal effect or none in other patient subgroups [21] . To our knowledge, this is the first systematic pathways-based study on the role of polymorphisms of cell cycle-related genes on age-associated risk for Lynch syndrome.
Patients and methods

Subjects
We studied 220 MLH1 or MSH2 mutation carriers from 129 families from the M. D. Anderson Hereditary Colorectal Cancer Registry (n = 210) and the Mayo Clinic Familial Cancer Program (FCP) (n = 10). The patients in the M. D. Anderson registry came from families suspected to have Lynch syndrome or were very young (\45 years of age) at CRC diagnosis or were referred to the University of Texas M. D. Anderson Cancer Center because of a known mutation. Those enrolled in the Mayo Clinic FCP were referred for clinical medical genetic evaluation due to personal or family history suggestive of a hereditary disorder (no specific criteria required) and were subsequently enrolled in the FCP. Of the 220 confirmed MMR mutation carriers, 125 (56.8%) had colorectal cancer, and the remaining 95 (43.2%) were unaffected MMR mutation carriers. The median age of individuals with and without colorectal cancer was 42 and 45 years, respectively. The proportion of women (55.5%) was greater than that of men (44.5%) but more men were affected with colorectal cancer (64.3%) than women (50.8%). Of the 129 families, 37 families (29%) had more than one mutation-positive family member enrolled in the study. Written informed consent was obtained from all subjects from both registries. The Institutional Review Boards of the University of Texas M. D. Anderson Cancer Center and of the Mayo Clinic Rochester both approved the study, in accordance with the US Department of Health and Human Services. Age of onset of CRC was defined as the patient's age at diagnosis. For the unaffected carriers, the age recorded was the age at last follow-up. The mutation status of all participants was determined in a Clinical Laboratory Improvement Act (CLIA) certified laboratory. The patients' demographic data are summarized in Table 1 .
DNA extraction and genotyping
Whole blood was collected from each patient. DNA was isolated using an AUTOPURE LS (Gentra Systems, Inc., Minneapolis, MN) according to the manufacturer's instructions. Genotyping of single nucleotide polymorphisms (SNPs) for CDKN2A, CDKN2B, TP53, CCND1, AURKA, MDM2, E2F2, and TP53 and the CA-repeat polymorphism for IGF1 was performed as previously described [7, 8] . Primers (Sigma/Genosys, The Woodlands, TX) for polymerase chain reaction (PCR) and pyrosequencing are listed in Table 2 . For each polymorphism, 10% of the samples were randomly selected and genotyping was repeated with 100% concordance. The genotypes were read independently by two different persons. The genes, nucleotide substitutions, amino acid changes, minor allele frequency, dbSNP ID, and location of the ten polymorphisms evaluated are summarized in Table 2 .
Statistical methods
We used the v 2 goodness-of-fit test to test Hardy-Weinberg (HW) equilibrium. Time to onset was computed from date of birth to clinically detectable cancer. Subjects who had not yet developed cancer were censored at the time of last follow-up. CART analysis was used to construct survival trees to identify subgroups of patients with differing median times to onset and to evaluate gene-gene interactions. We grew a tree and then pruned the tree back using a pruning rule based on the log-rank statistic, since the response is a time-to-event outcome [20] . The significance of each split was evaluated using the log-rank statistic for each node split. If the log-rank statistic at the split and subsequent splits is not significant, then the branch was pruned (significance level of p B 0.05). We applied the RPART function written in the S-PLUS software (Version 7.0, Insightful Corporation, Seattle, WA, USA) to construct the tree [24] . The Kaplan-Meier method was used to calculate and compare the median age of onset between the subgroups that CART identified and the log-rank statistic was used to evaluate significant (two-sided alpha = 0.05) differences in age of onset. Hazard ratios (HRs) for genotypes of interest were estimated by fitting a Cox proportional hazards model with a robust variance correction, adjusting for intrafamilial correlations in time to onset for cancer. We tested the null hypotheses of multiplicative gene-gene interaction by including main effect variables and their product terms in the Cox regression model. Analyses were performed using S-PLUS software. Table 1 summarizes the demographic and genetic characteristics of the study population. The median age of onset (Table 1) was 43 years (range 18-84 years). There was no significant difference between the age of onset of the subjects with MLH1 mutations and those with MSH2 mutations as assessed by the log-rank test (p = 0.35). Similarly, we did not observe a difference in age of onset between subjects with missense mutations and deletion/ insertion/truncating mutations when the data were analyzed by the same procedures (p = 0.52). Genotype frequencies [22, 23] of all ten SNPs were found to be consistent with HardyWeinberg equilibrium (v 2 = 0.01-3.02; p [ 0.08).
Results
Subject characteristics
CART analysis CART was performed using genotypes of the ten polymorphisms. Figure 1 In Fig. 2 , we used the Kaplan-Meier method to plot time-to-onset curves for the seven CART subgroups that were presented in Fig. 1 . The log-rank test (p = 0.007) demonstrated a statistically significant difference among the time-to-onset curves of these subgroups. Furthermore, we used the Cox proportional hazards model to estimate HRs for all the groups jointly and using the subgroup with the latest age of CRC onset (group 1) as the referent (Fig. 1) . Because it is possible that there is a correlation of time to cancer onset in individuals from the same family due to genetic or familial factors, we applied a robust variance correction in the Cox regression analysis to adjust for the differences [25] . For groups 2-7, we found HRs of Fig. 1) . In the tree, among the patients at the IGF1 CA C19 repeat node (n = 126), and using E2F2 WW with AURKA WM/MM as the referent genotype, we found a HR of 5.08 (95% CI, 1.17-22.12, p = 0.033) for patients carrying the E2F2 WW with AURKA WW genotype, which showed that the SNP of AURKA was protective in this context. In contrast, among the patients at the IGF1 CA C19 repeat node using E2F2 WM/MM with AURKA WM/MM as the referent genotype, we found a HR of 0.57 (95% CI, 0.35-0.95, p = 0.030) for patients carrying the E2F2 WM/MM and AURKA WW genotype, which showed that the AURKA SNP is a risk factor in this group. This suggested a gene-gene interaction between E2F2 and AURKA as the influence of the AURKA SNP on risk varies depending on the E2F2 genotypes. We subsequently tested departure from multiplicative model of interaction between these genes, E2F2 and AURKA, using the Cox regression model. This model showed a significant interaction (p interaction = 0.003) among patients at the IGF1 CA C19 repeat node. KaplanMeier curves for E2F2 and AURKA among those patients Fig. 1 Time-to-onset tree for age of onset of CRC. Inside each node is the number of affected subjects/the total number of subjects. Med, median age of onset. The hazard ratios (HRs) are calculated for all terminal nodes such that terminal node 1 is the reference group. WW, wild type; WM, heterozygote; MM, homozygous polymorphism. The nodes giving rise to gene-gene interaction are shown in bold Fig. 2 Time-to-onset curves for comparing terminal nodes from the time-to-onset tree are shown in Fig. 3 (log-rank, p = 0.021). This shows a much earlier time to onset for CRC among individuals with variant genotypes for both E2F2 and AURKA. When the 126 patients at the IGF1 CA C19 repeat node were analyzed for the main effect of the E2F2 genotype, the HR for E2F2 WM/MM was 0.79 (95% CI = 0.43-1.45) using E2F2 WW as the reference. For the main effect of AURKA, the HR for the AURKA WM/MM genotype was 0.25 (95% CI = 0.07-0.87) using AURKA WW as the reference. The HR for the interaction effect for the presence of both E2F2 WM/MM and AURKA WM/MM genotypes was 6.87 (95% CI = 1.72-27.32). The test for departure from multiplicative model of interaction between these two genes in all patients was not statistically significant (p interaction = 0.132). Our data suggested a gene-gene interaction between E2F2 and AURKA only in the context of the genetic background of CDKN2A WW, IGF1 CA-repeat C19.
In addition, in the subgroup with E2F2 WM/MM and AURKA WW, patients with CCND1 WM/MM (group 7) had a greater risk for development of CRC at a young age than those with CCND1 wild-type genotype (group 2) (HR = 2.27, 95% CI = 1.01-5.09 using group 2 as the referent).
Discussion
In this study, we have taken a pathway-based approach to elucidate genetic risk modifiers influencing age of onset of CRC in patients with Lynch syndrome. We used CART, which is a novel tree-based statistical approach, to identify groups with a higher probability of developing CRC at an early age and explore the gene-gene interactions between polymorphisms of cell cycle genes. We identified a subgroup with high probability of cancer occurrence at younger ages of onset, a 45-year median onset age, and a subgroup with the latest age of onset, a 70-year median onset age for CRC. The overall median onset age of CRC was 50. We would expect to see some subgroups having median ages below the overall median age. The two groups with the latest age of onset (70 and 60 years) were the two groups with the lowest number of individuals. We would expect that they would have the lowest numbers of individuals since there are not very many patients with onset ages after the age of 60 or 70. Furthermore, CART analysis identified a gene-gene interaction between E2F2 and AURKA genes related to Lynch syndrome.
CART analysis identified CDKN2A C580T and IGF1 CA-repeat as the initial splits, indicating that the polymorphisms in these genes are the most informative for separating patients into those Lynch syndrome patients who are more likely to develop CRC early versus those who are more likely to develop CRC at a later age. Germ line mutations in the CDKN2A gene are known to predispose individuals to pancreatic cancer and melanoma [26] . The SNP of CDKN2A C580T was reportedly associated with tumor aggressiveness for melanoma [15] . High circulating levels of IGF1 are associated with increased risk for several common cancers, including colorectal, breast, prostate, and lung cancer [27] . The IGF1 promoter cytosine-adenine (CA) dinucleotide-repeat length polymorphism is thought to influence levels of IGF1, with shorter repeat lengths being associated with higher levels of IGF1 expression. We previously reported that a shorter CArepeats was associated with an earlier age at onset of CRC in Lynch syndrome [7] . In the present study, CART analysis selected subgroups of those with CA-repeat length\19 and C19.
The results of CART analysis suggest a novel genegene interaction between E2F2 and AURKA as the influence of the AURKA SNP on risk varies depending on the Fig. 3 Time-to-onset curves for patients at the IGF1 CA C19 repeat node by genotypes for E2F2 and AURKA. WW, wild type; WM, heterozygote; MM homozygous polymorphism E2F2 genotypes. In the final pruned tree, individuals who are E2F2 WW and AURKA WM/MM have a later median age at onset compared to individuals who are E2F2 WM/ MM and AURKA WM/MM (70 vs. 46 years, p = 0.007). We included this interaction in a Cox proportional hazard model and observed that the HRs for the interaction effect for the presence of both E2F2 WM/MM and AURKA WM/ MM genotypes was 6.87 (95% CI = 1.72-27.32) (p interaction = 0.003), indicating association to an earlier age of onset. In contrast, at this node of the tree, the main effect for the presence of AURKA WM/MM genotypes was protective which was consistent with our previous findings in Caucasians [8] , and also with the recent study reporting that the polymorphism was associated with a significantly reduced risk for lung cancer in Caucasians [28] , although Talseth et al. [10] did not find that the AURKA polymorphism was associated with age of onset of CRC in Lynch syndrome. The E2F2 SNP showed a protective main effect too, but it was not statistically significant. Our findings suggested that the SNPs of the two genes have a morethan-multiplicative joint effect on the age-associated risk for CRC in the patients of this subgroup. The findings also suggested that genetic variants and their influence on risk can differ in the context of different genetic backgrounds, and highlighting the potential power of CART to uncover complex gene-gene interactions between predictors of risk within specific patient subgroups.
The predicted gene-gene interaction between AURKA and E2F2 is very feasible as both genes play important roles in cell cycle regulation. This could be due to a direct or indirect physical interaction. AURKA is a serine/threonine kinase and is best known for its role in proper mitotic entry and maintenance of the G 2 -M checkpoint. However, like the E2F family members, it also plays an important role in the G 1 -S checkpoint [29] . AURKA activity has been shown to modulate TP53 stability. TP53 is important in several functions including regulation of the G 1 -S checkpoint where it positively regulates p21 in response to DNA damage. p21 then binds to cyclin D1/CDK4 or cyclin D1/ CDK6 complexes to inhibit their activity and induce cell cycle arrest [29, 30] . Targeted inactivation of E2F1, E2F2, and E2F3 results in elevated p21 protein levels and cell cycle arrest at G 1 -S, and G 2 -M, suggesting a strict requirement for these E2Fs in the control of normal cellular proliferation [31] . Loss of TP53 restores the ability of these cells to progress through both G 1 -S and G 2 -M. Whether a gene-gene interaction exists between AURKA and E2F2 as a result of their shared involvement in the control of the TP53-p21 axis, the G 1 -S checkpoint and/or the G 2 -M checkpoint will be the focus of future studies.
CART analysis identified subgroup 7 with CDKN2A C580T WW, IGF1 CA-repeats C19, E2F2 WM/MM genotype, AURKA WW, and CCND1 WM/MM as having the youngest median age of onset (45 years). CCND1 plays an important role in the G 1 -to-S phase transition of the cell cycle. We previously reported that the CCND1 G-to-A polymorphism at codon 242 was associated with an earlier age of onset of CRC in MMR mutation carriers [5] . Talseth et al. [10] reported that the CCND1 polymorphism was associated with a significant difference in the age of disease onset on patients harboring MSH2 mutations, which was not observed in MLH1 mutation carriers. However, Kruger et al. [32] did not find any significant association between the CCND1 polymorphism and age of onset in German population. Bala et al. [33] did not observe correlation between a particular allele (A vs. G) and age at onset in a Finnish population. However, they observed that the presence of the variant transcript b in blood/normal mucosa was associated with a significantly lower age at onset of colon cancer when compared with individuals with transcript a only (35 vs. 46 years; p = 0.02), which suggest that the relative abundance of a and b transcripts may modify the age at onset of colon cancer in Lynch syndrome [33] . Previous studies had suggested that the variant allele A is a major source of transcript b [34, 35] . The inconsistency in these findings could reflect lifestyle differences among populations or effects of other modifying genetic factors.
A potential limitation of our study is that it is clinic based rather than population based and may not be representative of MMR gene mutation carriers in the general population. However, because the subjects were recruited without any knowledge of their SNP genotypes, no selection bias has occurred with regards to the exposure variables of our analysis. Since some patients were members of the same family, we used robust variance estimators clustering on family membership to account for familial correlation in the risk factors. Larger and independent replication studies are needed to validate our findings.
The strength of our study is that we use a pathwaysbased multigenetic approach (the cell cycle pathways). The conventional single-gene-based approach to study the role of genetic polymorphisms in carcinogenesis has been unable to yield consistent data across different studies. Included among the reasons for this lack of replication as pointed out by Horne et al. [36] is failure to evaluate the effect of multiple pathophysiologically related genes in combination. Given the low risk that is usually conferred by an individual polymorphism, it is unlikely that any one single genetic polymorphism would have a dramatic effect on cancer risk. Recently, Wang et al. [37] reported on the use of CART to evaluate high order gene-gene interactions in lung cancer, providing evidence of the promising potential of a pathways-based approach.
In conclusion, our findings support the view that polymorphisms can have different influences on time to onset for CRC in different genetic backgrounds. They also indicate that cell cycle genes interact with one another in cell cycle regulation, and that the SNPs in these genes can influence these finely tuned mechanisms of cell cycle regulation. The tree-based method has great potential for identifying gene-gene interactions. The findings of the study will contribute to our long-term goal to develop a risk model for Lynch syndrome. Future studies should be directed toward confirming these findings in a larger sample population and will require collaborative efforts by multiple investigators to obtain large sample sizes.
